Sustainable use of biomass as a renewable source of energy can be an alternative solution to the cost of fossilbased energy and global warming. Production of biofuel from plant biomass results not only in bio-based energy, but also in coproducts containing lignin, modified lignin, and lignin derivatives. This paper discusses the moisture susceptibility of subgrade soil stabilized by bio-based energy coproducts containing lignin, with the aim of establishing a new application for bio-based energy coproducts in soil stabilization. An experimental test program was conducted to compare the moisture susceptibility of lignin coproduct-treated soils and traditional fly ash stabilizer-treated soil samples. Additive combinations were also evaluated. There were two types of laboratory tests for moisture susceptibility evaluation: (1) unconfined compression strength (UCS) tests after "dry" and "wet" conditioning, and (2) visual observation of soaked specimens. Results indicate that the biofuel coproducts have excellent resistance to moisture degradation for the Iowa Class 10 soil classified as CL by the Unified Soil Classification System and as A-6(8) by AASHTO. In particular, Coproduct A with higher lignin content is more effective in providing moisture resistance than Coproduct B with lower lignin content as well as conventional additive (Class C fly ash). Moisture resistance comparable to that of Coproduct A could be obtained through the use of additive combinations. Reference to this paper should be made as follows: Kim, S., Gopalakrishnan, K., and Ceylan, H. (2012) Abstract: Sustainable use of biomass as a renewable source of energy can be an alternative solution to the cost of fossil-based energy and global warming. Production of biofuel from plant biomass results not only in bio-based energy, but also in coproducts containing lignin, modified lignin, and lignin derivatives. This paper discusses the moisture susceptibility of subgrade soil stabilized by bio-based energy coproducts containing lignin, with the aim of establishing a new application for bio-based energy coproducts in soil stabilization. An experimental test program was conducted to compare the moisture susceptibility of lignin coproduct-treated soils and traditional fly ash stabilizer-treated soil samples. Additive combinations were also evaluated. There were two types of laboratory tests for moisture susceptibility evaluation: (1) unconfined compression strength (UCS) tests after "dry" and "wet" conditioning, and (2) visual observation of soaked specimens. Results indicate that the biofuel coproducts have excellent resistance to moisture degradation for the Iowa Class 10 soil classified as CL by the Unified Soil Classification System and as A-6(8) by AASHTO. In particular, Coproduct A with higher lignin content is more effective in providing moisture resistance than Coproduct B with lower lignin content as well as conventional additive (Class C fly ash). Moisture resistance comparable to that of Coproduct A could be obtained through the use of additive combinations (Coproduct A+ Class C fly ash, Coproduct A+ Coproduct B).
Introduction
With the increasing cost of fossil-based energy and the problems of global warming, sustainable use of natural resources has been widely accepted as a viable technology for the solution to these problems. Among various natural resources is biomass, in particular, plant biomass, which is considered as a renewable source to produce alternative energy such as biofuel and ethanol to fossil fuels. Bio-based energy produced from plant biomass has several advantages over conventional fossil fuels. Bio-based energy is renewable, environment friendly, provides energy security, and represents a large economic development in the world (Demirbas and Balat 2006) . Its disadvantages are the current high costs and large areas of land involved to produce substantial amounts of energy (Hamelinck et al. 2005) .
Plant biomass is a lignocellulosic material consisting of cellulose, hemicellulose, and lignin. Plant biomass includes forest residues (bark, sawdust, shavings, etc.) and agricultural residues (sugar cane, cornhusks, bagasse, wheat straw, etc.). It can be converted into bio-based energy through physical and chemical procedures, some of which have been developed and some that are still under development (Kamm and Kamm 2004) . In the bio-based energy conversion procedure, plant biomass also produces many different coproducts that have many unexplored uses (Bothast and Schlicher 2005) . The types of coproducts produced depend on the biofuel production and coproduct recovery methods, as well as the source of biomass. Among the many different coproducts is a lignin-containing coproduct that has been considered a waste material or low-value coproduct, with its utilization limited predominantly to fuels in the production of octane boosters, biobased products, and chemical products (Stewart 2008) . New applications of biomass-derived lignin need to be developed to provide additional revenue streams to improve the economics of bio-based products and the bioenergy business, resulting in more sustainable use of natural resources.
Lignin, representing the third largest fraction of plant biomass, is a large complex polymer of phenylpropane and methoxy groups, a noncarbohydrate polyphenolic substance that encrusts plant cell walls and cements plant cells together. The various industrial product conversion technologies used with plant biomass can modify natural lignin. The modified lignin can be divided into two principal categories: sulfite lignins (lignosulfonates), derived mainly from the paper industry, and sulfur-free lignins, obtained mainly from biofuel or ethanol production [International Lignin Institute (ILI) 2008)]. Most lignin-based industrial products in the forms of binder, dispersant, emulsifier, and sequestrant are derived from sulfite lignins (Lignin Institute 2008) .
Various studies have also been conducted on the use of sulfite lignin in civil engineering infrastructure applications. Some studies have demonstrated that sulfite lignin is effective in soil stabilization (Nicholls and Davidson 1958) , in dust control on unpaved roads (Sinha et al. 1957) , as an extender for asphalt paving mixtures (Sundstrom et al. 1983) , and as a water-reducing and set-retarding admixture of concrete (Midness et al. 2002) . However, inadequate studies have been conducted to examine the use of biofuel-derived sulfur-free lignins for civil engineering infrastructure applications, whereas the use of sulfur-free lignin has recently gained interest as a result of the diversification of biomass processing schemes (Lora and Glasser 2002) .
Recent research at Iowa State University (ISU) has investigated the feasibility of using biofuel coproducts in soil stabilization. A preliminary study demonstrated that biofuel coproducts containing lignin can improve subgrade soil strength (Ceylan et al. 2009 (Ceylan et al. , 2010 . Following this preliminary study, the present study was conducted to determine if those materials could improve the moisture resistance of existing subgrade materials, thereby arresting the deterioration of pavement systems caused by moisture.
Lignin as Soil Stabilizer
Soil stabilization is the process of blending and mixing materials with soil to improve the properties of geotechnical materials (JDAAF 1994) . Traditional soil-stabilizing additives or admixtures traditionally used include hydrated lime, Portland cement, and fly ash. Both natural and modified lignin have also been implicated as having a positive role in soil stabilization (Kozan 1955; Nicholls and Davidson 1958; Johnson et al. 2003; Ceylan et al. 2009; Ceylan et al. 2010) . Adding lignin to clay soils increases the soil stability by causing dispersion of the clay fraction (Davidson and Handy 1960; Gow et al. 1961 ). According to Gow et al. (1961) , the dispersion of the clay fraction benefits stability of the soil-aggregate mix by: a) plugging voids and consequently improving water-tightness and reducing frost susceptibility, b) eliminating soft spots caused by local concentrations of binder soil, c) filling voids with fines thus increasing density, and d) increasing the effective surface area of the binder fraction which results in greater contribution to strength.
It has been demonstrated that lignin results in better improvements for ground modification compared with nonorganic stabilizers (Palmer et al. 1995) . Lignin is also used in combination with other chemicals to achieve soil improvement (Puppala and Hanchanloet 1999) . As a soil additive, lignin causes dispersion of the clay fraction of some soils, resulting in an increase in the shear strength of the soil (as a result of particle rearrangement) (Addo et al. 2004) . Various studies on lignin as a soil additive have concluded that lignin is primarily a cementing agent (Woods 1960; Ingles and Metcalf 1973; Landon and Williamson 1983) .
Laboratory methods as well as onsite testing have been done to quantify soil stabilization using chemical additives including ligninsulfonate. In one such study, Lane et al. (1984) used laboratory methods to measure soil cohesion increase resulting from the addition of some commercially available chemical additives. The laboratory methods included unconfined compression (UCS) test (ASTM D2166) and a wet sieve analysis test (ASTM D 422). The testing was performed at three sample-drying conditions, 24-hour air-dried, 24-hour bag cured, and immediate sample testing. The results indicate that each additive tested varies in cohesive strength in the range of 27 -379 kPa (4 -55 psi). The calcium ligninsulfonate at each of the initial aggregate moisture contents (4, 6 and 8%) showed a higher cohesive strength than the petroleum-based additives.
In the past, several studies were conducted at ISU on the use of ligninsulfonate as stabilizing agents on Iowa's silty loam and loess soils (Sinha et al. 1957; Nicholls and Davidson 1958; Hoover et al. 1959; Demirel and Davidson 1960; Gow et al. 1961) . Sinha et al. (1957) found that ligninsulfonate used alone as admixtures do not show much promise as a stabilizing agent for loess or loess-derived soils. However, these investigations indicated that ligninsulfonate should be much more effective as a stabilizing agent for granular soils or soil aggregate mixtures.
The Quebec Department of Roads conducted laboratory tests comparing the engineering properties of lignin-treated aggregate with that of raw aggregate and clay-mixed gravel (Hurtubise 1953) . The bearing capacity of the aggregate treated with 1.2% lignin was higher than that of the raw aggregate soil and clay-mixed aggregate. Cohesive strength increased with the addition of 2% lignin. Also, the increase in strength was found to be nearly linearly proportional to the amount of lignin used. Water absorption tests indicated that water absorbed through capillary action was reduced substantially. Moisture-density relationship tests showed that an increase in the amount of lignin added to the soil increased density and reduced optimum moisture content.
In a low-volume road study, laboratory methods were used to evaluate the strength and density modification of unpaved road soils because of chemical additives (Palmer et al. 1995) . The additives tested included lignin, CaCl2 and MgCl2 at different concentrations. Three different road soil materials with different soil classifications were used. The seven-day air-cured samples exhibited large strength increase for the lignin-treated specimens at all concentration levels. For each of the soils tested, lignin provided the highest increase in strength as determined by the unconfined compression tests. Puppala and Hanchanloet (1999) studied the effect of a new chemical treatment method using a liquid comprising of sulfuric acid and lignosulfonate stabilizer (SA-44/LS-40 or DRP) on the shear strength and plasticity characteristics of soils. Three soil types including a silty clay (raw soil) and two types of lime stabilized raw soils, two chemical dilution rates and curing periods were investigated. The percentage increase in UCS with the SA-44/LS-40 treatment ranged between 30% to more than 130% for the soils evaluated in this study. The increase in strength properties was attributed to the formation of chemical bonds between soil particles. The lignosulfonate-based chemical treatment increased the resilient moduli of soils, which is important from the point of mechanistic design of flexible pavements.
Nicholls and Davidson (1958) confirmed that lignin admixtures indeed do improve some engineering properties related to stability of soils. They also reported that the strength of lignintreated soil increases rapidly with an increase in the length of air curing duration. Also, lignin is organic material; its presence in the environment can be considered less harmful than that of industrial by-products such as fly-ash, which cause leaching of heavy metals.
U.S. Army Engineer Research and Development Center (ERDC) conducted a laboratory experiment to evaluate the stabilization of clay soils and silty-sand with nontraditional chemical or liquid stabilizers (Santoni et al. 2002; Tingle and Santoni 2003; Santoni et al. 2005) . Nontraditional stabilizers were evaluated in this experiment including an acid, enzymes, a lignosulfonate, a petroleum emulsion, polymers, and a tree resin. Type I Portland cement and hydrated lime was used as traditional stabilizers to provide a comparison under the same mixing, compaction, and curing conditions. The USC test results of each additive under wet and dry conditions were compared to those of the remaining nontraditional additives, the traditional stabilization results, and a series of control specimens that were not stabilized. These studies found that lignosulfonate provides excellent waterproofing for clay soils and silty-sand. The five percent of lignosulfonate was reported as optimum additive quantity for silty-sand.
In most of previous studies described, natural lignin or sulfite lignin (lignosulfonates) has been utilized. It has been hypothesized that since the ethanol co-product from corn stover fermentation is high in lignin (sulfur-free lignin), which is thought to play a role in stabilizing soil, soil incorporation of the ethanol co-product may help maintain or improve soil structure and stability (Johnson et al. 2004 ). The utilization of lignin based biofuel co-product from biomass in pavement substructure stabilization needs to be investigated as it is hypothesized that one may achieve stronger pavement substructure stabilization possibly reducing deterioration of pavement system. Recently, researchers at ISU are investigating the feasibility of this approach. Preliminary results of this research indicate that lignin based biofuel co-products are promising materials to improve strength of the Iowa class 10 soil classified to CL or A-6(8) (Ceylan et al. 2009; Ceylan et al. 2010) . However, the effect of lignin based biofuel co-products on other geochemical engineering properties of soil such as moisture and freeze/thaw durability should be understood before application of co-product on actual field soil stabilization.
Materials

Soil
Natural soils were collected from a new construction site for US-20 in Calhoun county, Iowa, US. The engineering properties of the soil samples are shown in Table 1 . The collected soil samples used in this study classified as an A-6(8) soil and CL in accordance with the American Association of State Highway and Transportation Officials (AASHTO) soil classification system and Unified Soil Classification System (USCS), respectively, and as class 10 soil as per Iowa department of transportation (DOT) specification (IA DOT 2008). The class 10 soil is the typical excavated soil including all normal earth materials such as loam, silt, clay, sand, and gravel. Based on the engineering properties and Iowa DOT specifications, the class 10 soil can be used in construction specified or should be removed. 
Additives
Two types of biofuel co-product containing lignin were used as additives and designated as coproducts A and B in this study. The co-product A was obtained from a commercial biomass conversion facility located in Canada. This co-product A is a dark brown, free flowing liquid fuel with a smoky odor reminiscent of the plant from which it is derived. It is formed in a process called fast pyrolysis wherein plant material (biomass), such as forest residues (bark, sawdust, Ottumwa Class C fly ash was selected as the traditional additive against which to compare biofuel co-products relative performance. The Ottumwa class C fly ash is a coal combustion by-product from Ottumwa Generating Station (OGS) located near Chillicothe, Iowa. This fly ash is commonly used for soil treatment in Iowa.
Experimental Program
The laboratory experimental program was conducted using two types of tests: (1) UCS tests after "dry" and "wet" conditioning, and (2) visual observations of soaked specimens. The stabilization effect of a soil additive is measured in terms of the increase in loadbearing capacity as indicated by UCS (Lane et al. 1984; Palmer et al. 1995; Tingle and Santoni 2003) . This study also used UCS testing as the basis for performance characterization. Dry and wet specimens were subjected to UCS tests to evaluate the moisture susceptibility of additive-treated specimens. Specimens were also fully soaked in water and observed to see if they failed because of moisture during specific periods.
Specimens Preparation
The natural soil collected was dried and broken down into particles that could pass through a No. 4 (4.75 mm) sieve. Additives were also dried to remove the water initially contained in the coproduct. The amounts of water and additive calculated on the basis of the dry weight of the soil were mixed thoroughly to produce a homogenous soil blend. The additives mixed with soil and water were categorized into uncombined additives and combined additives. Uncombined additives were Coproduct A and Coproduct B, biofuel coproducts containing lignin, and fly ash as a traditional soil stabilizer additive. Combined additives were Coproduct A/fly ash Coproduct A/B mixtures.
On the basis of prior experience (Ceylan et al. 2009 (Ceylan et al. , 2010 , the amounts of additives required were 12% of each uncombined additive, 10% Coproduct A/2% fly ash, and 10% Coproduct A/2% Coproduct B. These amounts of additive provided the strongest soil mixtures. Untreated soil mixtures with no additives, as a control, were also prepared. The target moisture content for all mixtures was optimum moisture content (OMC) of untreated soil determined in accordance with ASTM (2007) . Blended soil samples were statically compacted in the cylindrical mold (51 × 51 mm). Compacted specimens were sealed in plastic wrap and then Reference to this paper should be made as follows: Kim, S., Gopalakrishnan, K., and Vol. 138, No. 11, pp 1283 -1290 placed in a temperature-controlled room, where they were allowed to cure at 25°C and 40% relative humidity. Curing periods were 1 and 7 days after sample fabrication for the UCS test.
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Unconfined Compression Strength (UCS) Test
Compacted specimens of each mixture were subjected to dry and wet preconditioning procedures for UCS tests once the designated curing period was complete. Specimens in the dry precondition were tested without water saturation, whereas specimens in the wet precondition were tested after specified water saturation procedures. The U.S. Army ERDC used dry and wet preconditioning procedures for UCS tests to evaluate the stabilization of clay soils and silty sand with nontraditional chemical or liquid stabilizers (Santoni et al. 2002 (Santoni et al. , 2005 Tingle and Santoni 2003) . The ERDC reviewed moisture susceptibility tests of several stabilized materials and found that available tests were deemed to be either not representative of field conditions, too complicated for large numbers of repetitions, or too harsh to permit effective specimen evaluation. Thus, ERDC developed a simplistic wet test procedure to evaluate the moisture susceptibility of stabilized materials. The wet test procedure used in this research was similar to the one developed by ERDC.
The wet test procedure in this research included full saturation and half-saturation of the specimen. Full saturation requires complete immersion of the specimen on its side in a water bath for 1 h. Half-saturation was also conducted because some of specimens were broken in full saturation. Note that full saturation of specimens was not performed in the ERDC study for the same reason. One side of the specimen was soaked in water for 5 min (see Fig. 1 ).
Fig. 1. Example of fly ash treated specimen under half saturation procedure
A specimen subjected to full saturation or half saturation was then removed from the water and allowed to drain for five minutes. The specimen was then subjected to UCS testing in accordance to ASTM D2166 (2006) . The "wet" procedure permitted not only a physical evaluation of structural strength loss due to moisture but also a visual observation of the susceptibility to moisture (Santoni et al. 2002; Tingle and Santoni 2003; Santoni et al. 2005) . Table 2 lists the experimental treatment group combinations evaluated for UCS test during this research. a. Numbers indicate% of additive added by dry soil weight. b. 10% co-product A and 2% fly ash.
Soaking Test
As separate UCS tests, compacted specimens of each mixture after 1 day of curing were subjected to so-called soaking tests. The objective of these tests was to evaluate the long-term moisture susceptibility of specimens treated or not treated with additives and to determine when specimens disintegrated because of water. Specimens were fully soaked in water as seen in Fig. 2 . Two sets of specimens were prepared for these tests. Test Set 1 included untreated soil (pure soil), 12% fly ash-treated soil, 12% Coproduct A-treated soil, and 12% Coproduct B-treated soil. Test Set 2 included 10% Coproduct A/2% fly ash-and 10% Coproduct A/2% Coproduct Btreated soil. Specimens were observed for failure for 7 days after soaking.
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Test Results and Discussions
UCS Test Results
The results of UCS tests under dry and wet (half-and full saturation) preconditions are shown graphically in Figs. 3-5. After 1 day of curing, specimens are subjected to dry, half-saturation and full-saturation conditions for UCS tests as shown in Figs. 3 and 4 . After 7 days of curing, specimens are subjected to dry and full-saturation conditions for UCS tests as shown in Fig. 5 . In these figures, A, B, and FA represent Coproduct A, Coproduct B, and fly ash. The 0 value in Figs. 4 and 5 indicate that a specimen disintegrated when exposed to water. The untreated soil specimen was used as the control specimen. Overall, additive-treated soils are in all cases stronger than untreated soils under dry and wet conditions. The fly ash-treated soil test results show the most improvement in UCS under dry conditions. However, fly ash-treated soil specimens disintegrated in the wet precondition (see Fig. 4 ) or were reduced in strength after the wet precondition compared with coproduct-treated soil specimens (see Figs. 3 and 5). Duration of curing has less influence on the strength gain of soil specimens treated with Coproduct B than on other soil specimens. Reference to this paper should be made as follows: Kim, S., Gopalakrishnan, K., and Ceylan, H. (2012) Reference to this paper should be made as follows: "Moisture Susceptibility of Subgrade Soils Stabilized by Lignin-Based Renewable Energy Co-product." ASCE Journal of Transportation Engineering, Vol. 138, No. 11, pp 1283 -1290 Quantitative assessments of the degree to which additives improve strength and moisture resistance were made as following equations 100 ,% × − = SCD SCD SAD SI (1) where, SI = percent strength improvement under dry condition, SAD = average strength of additive treated soil specimen under dry condition, and SCD = average strength of control (pure soil) specimen under dry condition. Note that strength improvement under wet condition was not calculated since control specimens under wet condition have small strength value (see Fig.3 ) or disintegrated (see Figs. 4 and 5) .
where, MR = percent moisture resistance, SW = average strength of specimen under dry condition, and SD = average strength of specimen under wet condition. For this experiment, significant strength improvement was defined as more than 100% of SI value and effective moisture resistance was defined as less than 50% of MR value.
The values of SI are summarized in Table 3 . The SI values of fly ash treated soils after one and seven days curing are more than 400% while the others ranged from about 100 to 300%. These results indicated that all of additives used in this study could significantly improve the UCS of the pure soil. Table 4 outlines the moisture resistance of control (pure soil) and additive-treated soils. The strengths of the control specimens were reduced by 93 and 100% when tested under half and full saturation. The 100% of MR value indicated that specimen disintegrated in wet per-condition before UCS test. Fly ash-treated soil specimens met the effective moisture resistance criterion (< 50% of MR value) only under half saturation condition. In addition, fly ash treated specimen with one day curing was disintegrated during full saturation condition. Coproducts-treated soil specimens met the effective moisture resistance criterion under all the tested conditions. Especially, the strength of co-products A treated specimen with one day curing increase under wet condition (half and full saturation). Combined additives not only met the effective moisture resistance criterion but also improved strength of soil. These results indicated that biofuel coproducts containing sulfur-free lignin provided significant resistance to moisture degradation for clay soil. This is similar to ERDC study finding that lignosulfonate provided excellent moisture resistance for clay soils (Tingle and Santoni 2003) . 
Soaking Test Results
Fig. 6 illustrates soaking test results for Test Set 1 (pure soil, fly ash, co-product A, and coproduct B) and Test Set 2 (co-product A and fly ash, co-product A and co-product B). Fig. 6 (a) show that pure soil specimen completely disintegrated at about 5 minutes after specimen was placed in the water. Fig. 6 (b) presented that fly ash treated soil specimen began to disintegrate at about one hour after soaking. As seen Fig. 6 (c) and (d), the co-product B treated soil specimen began to disintegrate at about 4 hours after soaking and completely disintegrated at about one day after soaking. However, the deterioration of the specimens after seven days of soaking did not occur in soil specimens treated with the co-product A, co-product A + fly ash and coproducts A + B combinations (see Fig. 6 (e) and (f)). The specimens that didn't deteriorate at the conclusion of the soaking tests were then subjected to UCS testing. The UCS of these specimens, as shown in Fig. 7 , are 122 kPa for co-product A, 128 kPa for co-products A + B, and 152 kPa for co-product A + fly ash combinations. These soaking test results demonstrated that the biofuel co-product A treated soil specimens did not deteriorate even after long-term moisture exposure as well as had some degree of strength after an extended period of soaking. These results indicate that biofuel co-product A can provide excellent waterproofing for clay soil.
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Fig. 7. UCS tests results for specimens without deterioration after soaking test
Summary and Conclusions
This study investigated the moisture susceptibility of subgrade soils stabilized by a bio-based energy co-product containing lignin. A Laboratory experimental test program was conducted to compare the moisture susceptibility properties of two types of biofuel co-product treated soil samples with untreated and conventional fly ash treated soil samples. Two types of biofuel coproducts investigated are: (1) a liquid type co-product with higher lignin content (co-product A), and (2) a powder type co-product with lower lignin content (co-product B). Additive combinations (co-product A + fly ash, co-products A + B) were also evaluated. The experimental program consisted of two types of tests, which were the unconfined compression strength (UCS) tests after "dry" and "wet" conditioning procedure and the visual observations of soaked specimens (so-called soaking tests). The UCS test was conducted on dry and wet specimens to evaluate strength loss of additive treated specimens due to moisture. Each specimen was also fully soaked in water to examine if specimens would fail in the presence of moisture. Based on the experimental studies, the following conclusions are drawn on the effect of bio-based energy co-product containing lignin on moisture susceptibility of subgrade soils:
• Biofuel co-products containing sulfur-free lignin provide excellent resistance to moisture degradation for the Iowa class 10 soil classified as USCS CL and AASHTO A-6(8).
• Co-product A with higher lignin content is more effective in providing moisture resistance than co-product B with lower lignin content and fly ash.
• Additive combinations of 10% co-product A + 2 % fly ash and 10% co-product A + 2% co-product B provide moisture resistance comparable to having only co-product A.
•
